We present a computational study of the magnetic anisotropy energy for a given concentration of the Mn-ions in the GaAs host, in the framework of the density functional theory. We focus on the influence of a different kind of strains: biaxial, shear, and hydrostatic on the uniaxial magnetic anisotropy parameters K 1 and K 2 , which reflect the magnetic anisotropy energy out-and in-(001) plane, respectively. We have shown that the general trends for the applied biaxial strain on anisotropy parameters are consistent with the experimental data. We have predicted the critical strains, for which the magnetization vector changes its direction. Our results have shown that it is not possible to modify considerably the uniaxial magnetic anisotropy parameters, exposing (Ga,Mn)As to hydrostatic pressure of a magnitude reasonable from experimental point of view.
Introduction
(Ga,Mn)As is the most intensively studied material among the III-V Dilute Magnetic Semiconductors (DMS), and is considered as theirs flagship example [1, 2, 3] . Despite the fact that (Ga,Mn)As exibits too low Curie temperature T C for widespread applications, with the record around 200 K [4] , it remains the best test-bed material for new concepts in spintronics [3] . The spin-orbit mediated coupling of magnetic and semiconductor properties for this material gives rise to a large number of phenomena with a vast scope of possible applications [5] . One of the intriguing phenomena in this material is the presence of uniaxial magnetic anisotropy in structurally nominally cubic dilute magnetic semiconductor [6, 7, 8, 9, 10] . Uniaxial magnetic anisotropies in (Ga,Mn)As samples have been proved by numerous experiments, and by many different characterization methods, among others magnetotransport [6, 11, 12] , magnetooptics [7, 13] , magnetic measurements using the superconducting quantum interference device (SQUID) [8] , as well as ferromagnetic resonance (FMR) [9] .
Moreover, it is experimentally well-known that magnetic anisotropy in (Ga,Mn)As, depends on the substrate lattice constants, temperature and hole concentration [14, 15, 16] . Moreover, it has been found that magnetic anisotropy can be controlled by the epitaxial growth. Generally, (Ga,Mn)As samples grown on the (In,Ga)As substrate are tensily strained, and the easy axis of magnetization points perpendicular to the (001) plane [17, 18] ; whereas samples grown on the GaAs substrate are compressively strained, and the easy axis of magnetization lies in the (001) plane [15, 19] .
Email address: Magdalena.Birowska@fuw.edu.pl (M. Birowska) The understanding of the underlying mechanism of the uniaxial magnetic anisotropies in this prototypical DMS is of crucial importance for the potential applications in magnetic recording technologies. Therefore, in this paper, we focus on the impact of the different external strains on the uniaxial magnetic anisotropy parameters K 1 and K 2 . We do not consider here the problem of the origin of the uniaxial magnetic anisotropy in (Ga,Mn)As. This problem is widely discussed elsewhere [20, 21, 22] . In the paper [23] the authors showed that nonrandom Mn-ions distribution that sets-in at the growth surface during epitaxy is the physical origin of the bulk uniaxial magnetic anisotropy in-plane and out-of-plane. It is worth to mention that although, the existence of the surface guarantees the symmetry low enough to induce uniaxial magnetic anisotropy, the experiments unambiguously clarify that this phenomenon has to be ascribed to bulk but not surface or interface property of a (Ga,Mn)As [7, 8, 24] . Building on these assumption we calculate magnetic anisotropy energy (MAE) of a bulk crystal for fixed non-random concentrations of Mn-ions in the framework of Density Funcional Theory (DFT) [25, 26] , differently then it was presented previously in the paper [23] .
The paper is organised as follows. First, in this letter, we provide a theoretical description of the self-consistent method to calculate magnetic anisotropy energy. Then we define the anisotropy parameters and strain tensor. Furthermore, we show how the uniaxial magnetic anisotropy parameters can be modified by external factors like strains by means of the ab initio method. Finally we compare our results with experiment. We want to stress here that to the best of our knowledge, the present letter is the first ab initio study of the impact of different strains' components on the magnetic anisotropy energy up to date. Only collinear alignment of magnetization is assumed for our system m 1 is parallel to m 2 . The magnetic anisotropy energy is the work needed to rotate a magnetization vector from one direction (here M 1 ) to another ( M 2 ). The black arrows on the balls indicate the magnetic moments of the Mn-ions.
1.1. Self-consistent method to calculate magnetic anisotropy energy In order to calculate magnetic anisotropy energy 1 (MAE), we have generated fully relativistic pseudopotentials to account for the spin-orbit interaction and employ the local density approximation (L(S)DA) for exchange-correlation density functional with the effects of non-collinear magnetism included [27] . All of our MAE results are obtained employing the planewave code, Quantum Espresso (QE) [28] . We have performed the calculations for collinear alignment of two magnetization vectors coming from the Mn-ions, as it schematically presented in the Figure 1 . During the self-consistent loop total magnetization direction evolves by redirecting its magnetization to be parallel to an easy magnetization axis (ground state). In order to calculate MAE it is necessary to obtain the total energy for the magnetization direction different from the ground state, namely parallel to the hard axis of total magnetization. The way to do so is to have the initial geometry of magnetization the same like the final one, in other words to constraint the magnetization direction. However, we notice that we need a large number of iteration steps to reach the ground state of magnetization direction, and it is actually impossible to reach by using supercomputers provided today. The self-consistent method converges very slowly to the ground state configuration. In addition, the total magnetization direction, and hence the total energy, changes insignificantly at each step. Therefore, it is not necessary to constrain the total magnetization direction. It is sufficient to choose the initial magnetization and energy convergence threshold small enough to predict accurately the absolute value of the atomic magnetic moments and their direction, and simultaneously sufficiently large not to change total magnetization direction from the initial condition. Therefore, we rotate magnetization vector, coming from the 3d states of the Mn-ions, relative to the crystallographic axes as it is shown in Figure 2 , but, for each direction, the calculations have been performed self-consistently. We noticed that for different direction, the optimized magnitude of magnetization on each of the Mn-atoms is the same within the error of 0.0001 µ B /atom which changes the energy by up to 0.2 µeV/cell. Those are two orders of magnitudes smaller than we need. We have carefully checked the convergence of the MAE versus the parameters which could influence our results.
Our procedure is to determine the anisotropy parameters for 6.25 % concentration of Mn-atoms in the cubic supercell 2 , which contains 64 atoms. Mn-pair is placed at the nearest neighbors (NN) position, which is the most energetically stable configuration from all non-equivalent ones for a given supercell. For the NN configuration, there are two non-equivalent crystallographic directions: [110] and [110] . Our previously reported results [23] show that the Mn-pairs choose preferable positions already during the growth process, just approaching the surface of the semiconductor, which results in a non-random Mn distribution at the growth surface during epitaxy. Therefore, the Mn-pair was aligned along [110] crystallographic direction. We determine a sufficient kinetic energy cutoff of 40 Ry for the plane-wave expansion of the pseudo-wave function and 160 Ry for the charge densities. For the k-points summation, we use 14 × 14 × 14 Monkhorst-Pack mesh [29] . Smearing parameter of 0.0001 Ry with Fermi-Dirac function [30] is used for calculation of the electron density in the case of metallic systems, where efficient dealing with the Fermi surface is necessary.
We also want to note here that the spin magnetic moments are always predicted, but there are no orbital magnetic moments taken into account. The orbital magnetic moments can be experimentally measured, and it might be an interesting issue to compare it with theoretically predicted values. Furthermore, its influence on the MAE is worth a study.
Anisotropy parameters
Phenomenologically, the crystallographic easy axis of the magnetization is determined by the minimum of free energy
, cos(ϑ)), and can be expanded into invariants f i : where f i are the basis invariants which are defined in respect to decomposition of the space of spherical harmonics with given l into irreducible representations of the T d group and K i are anisotropy parameters, as it was previously considered in the paper [23] . . f 1 and f 2 are the second-order terms, and f 4 is a cubic anisotropy term as it is widely explained in the paper [23] .
Our procedure is as following. First, we calculate the total energy for a different orientation of the magnetization vector (as a function of the angles ϑ, ϕ). Then we fit our total energy results to the Eq. (1) expanded up to fourth-order terms for the C 2v point group symmetry. Then, from the fitting we obtain the anisotropy parameters.
Strain tensor
The strain effects in films can be taken into account through the strain tensorε [31] :
The lattice a i ′ and basis vectors τ ′ j of a strained crystal [32] are defined respectively:
where − → η j is so-called internal strain parameter 3 , i.e., the shift of the atoms along the line that remains invariant under symmetry 3 In our calculations no internal strains have been taken into account. operations of the point group of the strained crystal, and − → a i and − → τ i are lattice and basis vectors, respectively, of the unstrained lattice. The volume Ω 0 ′ of the cell spanned on the lattice vectors − → a i ′ is expressed by the strain tensor:
where Ω is the unit cell volume of the unstrained crystal. The symmetry of the structure defines the form of the strain tensor.
RESULTS
This section is organized as follows. First, we consider Mnpair without taking into account any strain components. Then various lattice deformations under biaxial, shear and hydrostatic strains are considered. We focus on their impact on the uniaxial magnetic anisotropy parameters K 1 and K 2 . Then, we compare our results with the experiments taken from literature.
Mn-pair in the simple cubic supercell with no external strains
Our results show that for the substitutional position of the NN Mn-pair, the system acquires maximal energy when magnetization is oriented along [001] direction (the hard axis of magnetization), whereas the most favorable direction of magnetization energetically (i.e., the easy axis) is along [110] one, i.e, when magnetization is parallel to the line connecting the Mn-atoms within the pair, as it is presented in the 
Mn-pair with biaxial strain
X-ray diffraction measurements showed that the out-of-plane lattice constants of (Ga,Mn)As films depend sensitively on the lattice constants of the substrate [33] .
Due to the epitaxial growth of the (Ga,Mn)As films, at relatively low temperatures, the in-plane lattice constant is locked to that of the substrate. Therefore, (Ga,Mn)As film can be under tensile (grown on the (Ga,In)As) or compressive strain (grown on the GaAs), as it is presented in the Figure 5 . Therefore, in this section we consider various lattice deformations under biaxial strains e xx (reflect the different substrates of (Ga,Mn)As films) in order to examine theirs influence on the magnetic properties of (Ga,Mn)As films. The biaxial strains can be considered as:
where a 0 and a rel are the lattice constants of the GaAs and (Ga,Mn)As film, respectively. C 11 , C 12 are elastic stiffness constants with
= 0.453, and here we assume that they are equal to those of GaAs. For example, biaxial strain components ε xx = ε yy and ε zz ε xx appear when T d → D 2d reduction of the symmetry takes place, whereas the shear component ε xy is a consequence of the T d → C 2v symmetry reduction [31] .
Our results show a clear linear correlation of out-of-plane anisotropy parameter K 2 and biaxial strain, presented in Figure 6 (A) . According to the mean-field theory, the out-of-plane anisotropy parameter K 1 depends linearly on the hole concentration [p] and biaxial strain ε xx [12, 34] : The influence of the biaxial strain on the value of the total magnetization vector. The difference of the total magnetization vector with respect to the magnetization of the unstrained system, as a function of the biaxial strain is presented. An increase of the interatomic distances between the atoms in-plane (001) (due to the increase of the biaxial strain), reduces the induced magnetic moments in the anionic sublattice of (Ga,Mn)As, which are the distance dependent and have an opposite sign to the Mn-moments. Therefore, the total magnetization vector increases.
The authors [34] predicted the value E = −0.36 Ry for the low concentration limit [p] = 10 19 cm −3 , where only one hole subband was populated, whereas the Khazen et al. [35] experimentally observed such linear behavior also for the high hole concentration (up to the 10 21 cm −3 ), and obtained the value E = 0.0019 4 Ry for the metallic regime. Our theoretical ab initio prediction is E = −0.0014 Ry (see Figure 6 (A)) in perfect agreement with experimental value but with an opposite sign. For a critical value of ε xx = 1.35 %, the K 1 anisotropy parameter changes the sign, indicating that the magnetization direction prefers to align along [001] direction than along [100] one. The [001] direction is an easy axis of magnetization, normally observed in (Ga,Mn)As films grown on (Ga,In)As substrates that are under tensile strain [9] .
A non-linear dependence of an in-plane anisotropy parameter K 2 as a function of biaxial strain is presented in Figure 6 (B). Under the compressive strain the K 2 anisotropy parameter is decreasing faster than under the tensile one, for which the K 2 is around 80 kJ/m 3 when strain approaches 2%. That result indicates that for a reasonable 5 range of biaxial strains, it is impossible to change the sign of K 2 parameter.
The linear dependence of the magnitude of the total magnetization vector versus the biaxial strain is presented in Figure 7 . An increase of the interatomic distances in-plane (001) between the atoms which is caused by the increase of the biaxial strain, reduces the induced magnetic moments in the anionic sublattice of (Ga,Mn)As. These induced magnetic moments are the distance dependent and have an opposite sign to the Mn-moments, hence, lower the value of total magnetization vector of the system. Now let us look at the results more precisely and determine the change of the easy and hard axis of magnetization as the function of the biaxial strain 6 . The energy barriers between two high symmetry orientation of magnetization vectors versus the biaxial strain are presented in Figure 8 . The comparison between all four high symmetry orientations is presented in Tab. 1, from the easiest to the hardest axis of magnetization. For biaxial strain smaller than the critical value of 0.28 % (see Figure 8(A) ), the magnetization direction [001] is a hard axis of the magnetization vector, and then becomes an easy axis of the magnetization vector when the strain exceeds the value of 2.2 % (see Figure 8(B) ). Our theo- [35] 10 21 4 ε xx =-0.17 4 1 3 2 Exp. Glunk at al. [12] 0.6 10 21 4.2 ε xx =-0.22 4 1 x x Exp. Glunk at al. [12] 0 retical results display the well-known experimental fact that, for high hole concentration and low temperatures, the magnetic hard axis along [001] in compressively strained layers turns into an easy axis in tensily strained layers. This results clearly show that magnetic properties of (Ga,Mn)As films could be changed significantly by modification of the substrate on which the (Ga,Mn)As is grown. It is a well-known experimental fact that the magnitude and the sign of this anisotropy in (Ga,Mn)As can be adjusted continuously by using In y Ga 1−y As buffer layers, where the In-concentration y determines the lattice parameter of the buffer layer [12] .
Mn-pair with shear strain
Now let us turn our attention to the shear strain and its influence on a magnetic anisotropy in (Ga,Mn)As. From experimental point of view, there is no way to change the shear strain in the films so far. Therefore, the theoretical considerations are needed to find out how the specific relaxations of the atoms can influence the uniaxial magnetic anisotropy. Particularly, the theoretical calculations can give the answer how big the shear strain is needed to quench the uniaxial in-plane anisotropy parameter K 2 . Our results show, that the out-of-plane anisotropy parameter K 1 is nearly independent of the shear strain for a given range of shear strains, as presented in Figure 10 (A). The in-plane anisotropy parameter K 2 depends on shear strain linearly (see Figure 10 (B) ).
Note that the positive value of shear strain indicates the contraction along the [110] direction, whereas negative its elongation along the [110] one, which is shown schematically in Figure 9 . The extrapolated critical shear strain component ε xy = −2.9% reflects the quenching of the uniaxial K 2 anisotropy parameters, which is the result of increasing average distance by about 0.12 Å between two nearest neighbor atoms in the unit cell along the [110] crystallographic direction.
Mn-pair with hydrostatic strain
As far as we are aware, up to date, there are no systematical experimental nor theoretical ab initio studies of the impact of hydrostatic pressure on the magnetic anisotropy energy for the dilute magnetic semiconductors. To the best of our knowledge, only in the paper [36] , the authors showed that the ferromagnetic exchange interaction in (In,Mn)Sb can be controlled via the application of hydrostatic pressure. Our results show (see Figure 11 ) that under a wide range of hydrostatic pressure, the uniaxial terms K 1 and K 2 are almost unchanged, and they do not point out the way to manipulate or control the MAE via the hydrostatic pressure.
Discussion of the results -comparison with experiments
It is experimentally known that the magnetic anisotropy is highly sensitive to the hole concentration, temperature, and strain [37] . Since the magnetic anisotropy sensitively depends on the individual growth conditions, care has to be taken when comparing the numerous experimental values of anisotropy parameters published by different groups.
Comparison of those data with our ab initio results is not so straightforward, mostly due to the presence of the unintentional defects like double donors or interstitial Mn-atoms, which are generated by LT-MBE growth conditions. In addition, the quantitative information about these intrinsic defects in real samples are not available. For example, the Mn interstitials tend to form the pairs with the substitutional Mn-atoms as-grown system, resulting in the zero net moment of the pair. Moreover, for the as-grown samples the partial concentration of interstitial Mn increases with the total Mn-concentration. We want to emphasize here that considered concentration of Mn-ions corresponds to the number of Mn-atoms substituted in the Ga-sites, whereas in the experiments, it is referred to the total Mn-doping with Mn-atoms in the interstitial sites included. If we compare ab initio approach with the results obtained by the effective Hamiltonian 7 [23] , for the Mn-concentration of x = 6.25% the perturbation approach gives the values of
. These values are one order of magnitude lower and have opposite signs than the results obtained from ab initio approach. The ab initio results take into account the relaxation of the atoms in the supercell and do not take into account the external parameters, whereas the perturbation approach does not include the microscopic atomistic structure of the system. Now let us turn our attention to compare of our results with the relative strength of the experimentally obtained anisotropy components. Typical values of the uniaxial anisotropy parameters experimentally measured are in the range of few kJ/m 3 . Our values for the unstrained supercell for temperature T = 0 K, and concentration of the Mn-atoms 6.25% are one order of magnitude higher than experimentally obtained. The reason for this discrepancy seems to be the assumption that all of the Mn-pairs reside entirely along [110] crystallographic direction, however in a real system, there are also presumably the pairs along the [110] direction and a smaller number of pairs along different directions. In real samples, there are always some double donors. This lowers the concentration of holes, and hence it decreases the magnetic anisotropy. We would like to note that also in extremely thin (Ga,Mn)As layers contributions from interfacial and surface anisotropies (for them, the magnetic uniaxial anisotropy is allowed even for a random distribution of magnetic ions), may gradually come into play.
It is worth to mention that our results show that one does not need any external strain, trigonal or biaxial, to explain observed in-and/or out-of-plane uniaxial magnetic anisotropy terms, as it was also mentioned in the paper [23] .
Summary
We have studied the influence of the different external strains on the magnetic anisotropy energy for a 6.25 % concentration of the Mn-ions at the nearest neighbor position in the supercell. Our results show that there exists the linear trend of the out-of-plane anisotropy parameter K 1 versus the biaxial strain, which is consistent with the previous theoretical approach and experimental findings. We have demonstrated that there exists a critical biaxial strain for which the magnetization vector can switch its direction. Moreover, our results have displayed the well-known experimental fact that, for high hole concentration and low temperatures, the magnetic hard axis along [001] in compressively strained layers turns into an easy axis in tensily strained layers. Furthermore, our predicted biaxial critical values are much higher than for experimental results, which is directly related with our assumption that the pairs are placed at a given position at the crystal.
In case of the shear strain, we have obtained the critical shear value for which the quenching of the uniaxial magnetic anisotropy parameter K 2 exists. It reflects the increase of the distance between the Mn-ions at the [110] crystallographic direction, for which the uniaxial magnetic anisotropy in-plane vanishes. Moreover, we have predicted that it is not possible to modify considerably the uniaxial magnetic anisotropy parameters, exposing (Ga,Mn)As to hydrostatic pressure of a magnitude reasonable from experimental point of view.
